Water quality planning is complicated itself but further challenged by the existence of uncertainties and nonlinearities in terms of model formulation and solution. In this study, a simulation-based inexact two-stage chance constraint quadratic programming (SITCQP) approach was developed for water quality management. The SITCQP model was a hybrid of the two-stage stochastic programming (TSP), the chance constraint programming (CCP), the inexact quadratic programming (IQP) and the multi-segment stream water quality simulation. A water quality simulation model was provided for reflecting the relationship between the pollution-control actions before waste water discharge and the environmental responses after the discharge. The interval quadratic polynomials were employed to reflect the uncertainties and nonlinearities associated with the costs for wastewater treatment. Uncertainties derived from water quality standards were characterized as random variables with normal distributions. The proposed approach was applied to a hypothetical case in water quality management. Solutions from the SITCQP approach model were presented as combinations of deterministic, interval and distributional information, which could facilitate predictions for different forms of uncertainties.
(taking a simple model for example: , subject to ). More importantly, this method is unable to handle such difficulties when nonlinearities exist in the objective function.
The inexact quadratic programming (IQP) method is effective in not only reflecting nonlinearities in the objective function, but also incorporating uncertainties in the quadratic programming optimization process. The IQP model can be transformed into a number of deterministic sub-models to generate interval solutions that are feasible and stable in the given decision space (Chen and Huang 2001) . These sub-models can easily be solved by quadratic programming packages provided by many programming software (e.g. LINGO ® , MATLAB ® ), and the global optimums can be obtained if the Kuhn-Tucker conditions are satisfied (Hu et al. 2012 ). However, the IQP method encountered difficulties in reflecting uncertainties expressed as random variables, and it was incapable of examining economic consequences of violating some overriding policies that were considered beyond the scope of the planning cycle.
Based on the above analyses, an inexact two-stage chance constraint quadratic programming (ITCQP) method is developed for water quality management, which is a hybrid of the TSP, the CCP and the IQP. Therefore, the developed ITCQP will be capable of handling uncertainties expressed as probability distributions and interval values, and dealing with nonlinearities in the objective function. Furthermore, in order to address the challenge in data unavailability for the M a n u s c r i p t simulating DO and BOD in streams (Cox 2003) . These equations have formed the basis of many water quality models that have been widely introduced and applied in the world. The multi-segment O'Connor model is able to predict stream water quality responses under various wastewater discharge scenarios. Therefore, for a typical water quality planning problem, the developed simulation-based ITCQP (i.e. SITCQP) method will provide an effective link between environmental requirements and cost expressed as penalties or opportunity losses. A case study will then be provided for demonstrating the applicability of the developed methodology. The results can help decision makers to manage stream water quality and gain insight into the tradeoffs between the environmental benefits and treatment costs.
Methodology

General Framework
The multiple point source wastewater discharge problems are described as meeting both emissions standards and water quality standards at the lowest system cost or highest system profit in the study (Loucks et al. 1981; Luo et al. 2006; Qin et al. 2009 ). The developed SITCQP model can effectively deal with these problems. In the model, the cost function is expressed in an interval quadratic format, and the water quality constraints derive from a water quality simulation model. The detailed procedures is as follows: (1) applying a multi-segment water quality simulation model to predict stream water quality responses under various wastewater discharge scenarios which will be employed as constraints in the final model; (2) utilizing the economic intervals to formulate the cost function of wastewater treatment, which is a nonlinear function and embedded in the objective function in an interval quadratic format; (3) determining the probability distributions of water quality standards and identifying the allowable risk levels of violating the water quality constraints; (4) establishing the SITCQP model and converting it to an equivalent IQP model; (5) obtaining the optimal interval solutions based on the IQP solution M a n u s c r i p t
algorithms. The details about the components of the SITCQP model will be described in the following sections.
Multi-segment Stream Water Quality Simulation
Water quality simulation models have become useful tools for supporting environmental management in the past decades, such as the Streeter-Phelps model, O'Conner model, Dobbins model, and Thomas model (Rauch et al. 1998 ). In the water quality simulation, segmenting a stream into multiple reaches is necessary because a series of wastewater outlets scatter along the stream with temporally and spatially variational loadings (Grigg 1985; Murty et al. 2006; Qin et al. 2009 ). Water quality at each section is affected by various sources from the upper stream. In this study, the basic BOD-DO relations are generated based on the O'Connor model. 
Cost function for Wastewater Treatment
Uncertainties may exist in a number of modeling parameters due to human-induced and/or natural variability (Vicens et al. 1975; Li et al. 2007 ). For example, the volume and strength of industrial waste-water can be defined in terms of units of production (e.g., gallons of wastewater per ton of pulp produced), and their variations can be estimated through identifying a statistical distribution for each source (Eckenfelder 2000) . The magnitudes of the variations depend on the diversity of manufactured products, the process of operations contributing to the wastewater flow, and the mode of production (batch or continuous) (Eckenfelder 2000 
where C is the treatment cost for wastewater under a specific technology, including costs for construction, operation and maintenance ($10 4 /yr); superscripts '+' and '-' represent lower and upper bounds of the interval parameters, respectively; Q is the average wastewater flow wastewater treatment changes, the economy-of-scale effect can be reflected in the cost function by a nonlinear relationship expressed in a power form.
SITCQP Model Formulation
Accordingly, a simulation-based inexact two-stage chance constraint quadratic programming (SITCQP) method can be developed. The developed model can deal with the uncertainties in the both the left-hand and right-hand sides of the constraints as well as the objective-function coefficients presented as random variables with known probability distributions. Furthermore, it can also provide information on the trade-offs among the objective function value, tolerance values of the constraint, and the prescribed level of probability. The objective function is to maximize the expected value of net system benefit under various constraints. The constraints include the BOD-loading allowance for each discharge resource as well as the allowable BOD and DO-deficit levels in each stream segment.
subject to
(1) BOD discharge constraints:
(2) Chance constraints:
Maximum allowable BOD discharge and DO-deficit constraints: 
where the superscripts '+' and '-' represent the lower and upper bounds of the interval parameters, respectively; j is the index of reach; i denotes the name of wastewater discharge source; l, m and n are the coefficients of the objective function; is the net system benefit over the planning horizon ($); denotes probability of random wastewater discharge rate at source i in period k with level h (%); h denotes the level of wastewater discharge rate at each source; k is the index for planning period; is the net benefit per unit product from source i ($/unit product);
is the BOD concentration of raw wastewater generated at source i in period k (kg/m 3 ); and are the coefficients of treatment cost function for source i during period k ;
is the designated BOD concentration at the beginning of reach j (mg/L); is the allowable DO deficit at the end of reach j (mg/L); is the BOD discharge allowance for source i during period k (tonne/day ); and are the minimum and maximum demands for product i during period k (unit/day), respectively; is product target pre-regulated by source i during period k (the first-stage decision variable) (unit/day); is the random wastewater discharge rate at source i in period k with level h (m 3 /unit product); means the production level of source i during period k with level h, which is affected by the random BOD generation rates and the environmental requirements (the second-stage decision variable) (unit/day).
Solution methods
Generally, the SITCQP is a simulation-based inexact two-stage chance constraint quadratic programming, and the form of which is as follows: and (e.g., ) . Then, the optimal solutions for can be obtained by solving sub-model (9). According to Chen and Huang (2001) , the bound distribution for can be identified according to the following criteria:
If criterion (10a) is satisfied, then corresponds to ; if criterion (10b) holds, corresponds to . Accordingly, model (5) can be converted into two sub-models that correspond to and , based on the previously described solution algorithm. Obviously, the derivative algorithm is useful for the applications of SITCQP to large-scale problems where many coefficients (corresponding to the second-stage variables) have different signs.
Case Study
Overview of the study system
In a regional system, water pollution problems are usually characterized by many sewage discharging sources at different scales, causing adverse impacts on receptors. Many factors like properties of pollutants, the technology of wastewater treatment, and the control measures that affect the water quality management system cannot be quantified with certainty. Since it is either economically infeasible or technically impossible to design process with zero wastewater discharge, water quality managers always intend to select alternative which can meet the national environmental standards and meanwhile maximize the economic benefits. Therefore, the M a n u s c r i p t
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16 problem under consideration is the identification of cost-effective pollution-control actions, so as to maximize the interests of regional industry and protect water from being polluted by industrial wastewater under uncertain environmental, economic and disposal conditions.
In this study, a hypothetical water quality management system, which includes six outfalls scatter along the stream, is provided to demonstrate the applicability of the proposed approach. Fig.2 shows the schematic diagram of the study system. The stream with a tributary is segmented into is further divided into three periods with 5 years intervals (i.e. 1825 days). The objective is to maximize the expected net benefit subject to the environmental requirements under uncertainty over the planning horizon. Policies in terms of the related industrial activities and the wastewater discharges are critical for ensuring maximized system benefit and safe water quality. Table 1 provides the wastewater-discharge rates and the associated probability levels. Due to the regional economic development and population growth, the wastewater discharges keep increasing in the planning horizon. Moreover, significant variations in wastewater discharges exist among different sectors. To guarantee the stream water quality, effective wastewater treatment measures have to be adopted at point sources such as industrial sites. Table 2 presents the treatment efficiencies as well as the raw BOD concentrations at different discharge sources. Table 3 shows the related economic data. The costs for wastewater treatment are approximated as inexact nonlinear functions of wastewater flows, and they monotonically rise as the wastewater flow increase (Thuesen et al. 1977; Haith 1982; Li and Huang 2009) . Table 4 and 5 mg/L (Class III) respectively (SEPA 1996 (SEPA , 2002 . Based on the above standards, it is assumed that the water environmental standards (right-hand sides of constraints in the SITCQP model) are random variables following normal distributions where the mean values of BOD and DO are 4 and 5 mg/L, respectively. In addition, the standard deviations for both parameters are set to 0.5. Table 5 provides the minimum and maximum market demands for each economic activity. Table 6 presents the environmental standard constraints in different q i .
SITCQP model for water quality management
Generally, the complexities of the water quality management problem in this case include: Maximum allowable BOD discharge and DO-deficit constraints:
Maximum allowable BOD discharge:
The tributary:
The main stream: 
Maximum allowable DO-deficit discharge:
The main stream: and Y 7 -Y 9 ; is the net system benefit over the planning horizon ($); denotes probability of random wastewater discharge rate at source i in period k with level h (%); h denotes the level of wastewater discharge rate at each source; k is the index of planning period; is the net benefit per unit product from source i ($/unit product); is the BOD concentration of raw wastewater generated at source i in period Model (11) can be solved according to the solution algorithm as described in Section 2. The objective is to maximize the expected net benefit subject to the environmental requirements under uncertainty over the planning horizon. The decision variables ( ) are the planned production levels of different plants during different period. The constraints include the BOD discharge constraints, the maximum BOD discharge and DO-deficit constraints in the tributary and the main stream, the product demand constraints and non-negative constraints. The detailed solution process for the SITCQP model is summarized in Fig. 3 . Fig. 3 describes different optimized methods, such as the quadratic programming, the two-stage stochastic programming and the interval-parameter programming, as well as the process of establishing the SITCQP model. The water quality model and the fitting cumulative distribution function have been imported in Fig. 3 , which are used to describe the constraints of water quality. Fig. 3 
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Results and Discussion
By combining simulation and optimization, the production planning of each plant can be obtained at different levels of risk. The results indicate that any change in q i will yield different water quality requirements and thus lead to different wastewater-discharge patterns. The solutions for decision variables ( ) are presented as combinations of intervals. The upper bounds of (i.e. ) correspond to a higher system benefit under advantageous conditions, while the lower bounds (i.e. ) are related to a more conservative strategy. Moreover, probabilistic deficit or surplus will occur if the pre-regulated targets are different from the planned levels, where probabilistic deficit/surplus = planned level pre-regulated target (i.e.
). They indicate that a probabilistic deficit (with negative sign) may exist when the pre-regulated target exceeds the planned level; conversely, a surplus (with positive sign) will occur when the target is lower than the planned level. The solutions obtained through the SITCQP model under different q i levels is given in Appendix A.
An analysis of the modeling solutions for period 1 under q i = 0.01 are provided below, while those for periods 2, 3 and for q i = 0.05, 0.1 can be similarly interpreted based on the results presented in Appendix A. The result of =0.80 indicates that the optimized water-supply target is 70,000 m 3 /day for the municipal sector in period 1 under q i = 0.01. However, the planned levels would be [43, 195, 77, 504 ] m 3 /day if the wastewater discharge rate is low with a probability of 20%, [40, 691, 73, 871 ] m 3 /day under medium discharge rate with a probability of 60%, and [37, 941, 69, 526 ] m 3 /day under high discharge rate with a probability of 20%.
Correspondingly, the probabilistic deficit (or surplus) levels will be [-26,804, 7504] , [-29308, 3,871] and [-32058, -473 ] m 3 /day under low, medium and high discharge rates, respectively. Fig.   4 presents the optimized water supply to the municipal sector in different levels under q i = 0.01.
The tendency of the planned levels is significantly decreasing when the wastewater loading is increasing with time, while the production level appears a minor increase during different periods. Furthermore, the negative values represent the probabilistic deficits which would lead to exceeding wastewater discharge and consequently economic penalty due to the violation of respectively. The penalties are presented in terms of the raised treatment costs and/or the punishments due to excessed wastewater discharges. In contrast, the positive values denote the probabilistic surpluses. They indicate that, under advantageous conditions, low wastewater discharge levels and high opportunity losses will possibly occur due to a significantly conservative strategy for economic activities. [30.29, 42.18] and [24.29, 40.26] tonne/day when the wastewater discharge rates are low, low-medium, medium and high; correspondingly, the probabilistic deficit (or surplus) will be [-5.75, 14 .27], [-8.68, 11 .14], [-10.71 rate is low with a probability of 10%, [3.11, 4 .87] hm 2 /yr under low-medium discharge rate (probability = 20%), [2.76, 2.94] hm 2 /yr under medium discharge rate (probability = 40%), [4.35, 6 .70] hm 2 /yr under medium-high discharge rate (probability = 20%), and [1.98, 2.43] hm 2 /yr under high discharge rate (probability = 10%). Correspondingly, the probabilistic deficit (or surplus) will be [-0.91 tonne/day when the wastewater-discharge rates are low, medium and high. The solutions indicate that the planned production levels increase with the increased q i levels. An increased q i level means a relaxed allowable BOD discharge and DO-deficit constraints and thus a raised risk when violation occurs. Similar indications can be summarized for the chemical plant and the tannery plant (Fig. 7) . However, it is observed that the solutions of the planned levels for the municipal sector (i = 1) and the tobacco factory (i = 5) have undetectable changes under different q i levels. This is possibly caused by the reason that the chance constraints are no restrictive for the planned levels of the two sectors.
The solutions of the planning area for the recreational sector under q i = 0.01, 0.05 and 0.1 are presented in Fig. 8 . In period 1, under a significance level of q i = 0.01, the planned level will be [2.59, 3.56], [3.11, 4.87 [1215.6, 2667 .0] ×10 6 dollars, respectively. This indicates that, as the decision variables vary within their two bounds, the expected net system benefit will correspondingly change between and , representing the optimistic and conservative strategies.
Decisions at a lower q level will possibly lead to an increased reliability in fulfilling the system requirements but with a higher cost; in contrast, decisions at a higher q level will possibly result in a lower cost, but the risk of violating the constraints may raise. Moreover, the relationship between q i and also demonstrates a tradeoff between the economic efficiency and the constrains violation risk due to multiple uncertainties that exist in various system components.
In the previous analyses, the optimization of the entire system has been fully taken into consideration. In the case of meeting water environment capacity of the stream, the maximum production of the plants along the stream can be obtained at a certain level of risk by combining simulation and optimization models. Take q i = 0.01, k = 1 as an example, the maximum production of the plants of the tributary (i.e. the paper mill and the chemical plant) are [7.13, 28.57] tonne/day and [38.15, 61 .37] tonne/day. Obviously, these values are higher than the calculated results above. Therefore, when the pollution loading of the stream system is low, the operators of some plants can appropriately increase their production, which will be increase the economic benefits in the region. Moreover, this simulation model can provide an effective link between the wastewater treatment cost and the water quality goals. When the stream is heavily polluted, decision makers can identify and control the pollution sources by using simulation, which could not be done by traditional optimization methods. Therefore, the water quality of the M a n u s c r i p t
N o t C o p y e d i t e d
26 stream can be dynamically monitored and strictly controlled to meet the planning targets. The sensitivity analysis indicates that the chemical plant has the highest contribution to the pollution among all sectors due to itd production scale and allowable BOD loadings. Therefore, the chemical plant should preferentially reduce its wastewater discharge and enhance its wastewater treatment efficiencies.
Generally, the above results demonstrate that the optimization model can effectively reflect the interval-format uncertainties in the optimization process, and generate inexact solutions that contain a spectrum of potential wastewater treatment options. The decision alternatives can be obtained by adjusting different combinations of the decision variables within their optimal intervals. The allowable levels of environmental violations could be determined based on discussions among stakeholders according to specific system conditions (e.g., system cost, system-failure risk, and river pollution situations). The local managers can make a decision with the guidance of the solutions (including the production capacity, the wastewater discharge rate, production trends and so on); meanwhile, under diffident conditions of the wastewater discharge rates, they can dynamically adjust their production schemes. Moreover, the SITCQP model can provide an effective link between environmental requirements and economic implications expressed as penalties or opportunity losses caused by improper policies. The results can help decision makers to manage stream water quality and gain insight into the tradeoffs between the environmental quality and treatment cost.
Conclusion
In this study, a simulation-based inexact two-stage chance constraint quadratic programming Moreover, the solutions from the SITCQP model can also be used to demonstrate the tradeoffs between the overall wastewater treatment cost and the system-failure risk due to inherent uncertainties that exist in various water quality system components. Although this study is the first attempt for planning a water quality management system through the SITCQP approach, this novel approach is also applicable to many other environmental management problems to help managers make decisions under dual uncertainties.
M a n u s c r i p t Table Captions:   Table 1 . Wastewater-discharge rates and the associated probabilities Table 2 . BOD concentrations and treatment efficiencies Table 3 . Benefits and costs analysis for the sectors in the management system Table 4 . Allowable BOD loading for each wastewater source Table 5 . Pre-regulated targets and market demands Table 3 Benefits and costs analysis for the sectors in the management system Time period k = 1 k = 2 k = 3 Net benefits from different products, Water supply ($/m 3 ) 
